The physiological and metabolic mechanisms behind the humic acid-mediated plant growth enhancement are discussed in detail. Experiments using cucumber (Cucumis sativus) plants show that the shoot growth enhancement caused by a structurally well-characterized humic acid with sedimentary origin is functionally associated with significant increases in abscisic acid (ABA) root concentration and root hydraulic conductivity. Complementary experiments involving a blocking agent of cell wall pores and water root transport (polyethylenglycol) show that increases in root hydraulic conductivity are essential in the shoot growth-promoting action of the model humic acid. Further experiments involving an inhibitor of ABA biosynthesis in root and shoot (fluridone) show that the humic acid-mediated enhancement of both root hydraulic conductivity and shoot growth depended on ABA signaling pathways. These experiments also show that a significant increase in the gene expression of the main root plasma membrane aquaporins is associated with the increase of root hydraulic conductivity caused by the model humic acid. Finally, experimental data suggest that all of these actions of model humic acid on root functionality, which are linked to its beneficial action on plant shoot growth, are likely related to the conformational structure of humic acid in solution and its interaction with the cell wall at the root surface.
Numerous studies have illustrated the relevant role of dissolved organic matter (DOM) present in soil solution and aquatic reservoirs (lakes, rivers, etc.) in the biological and chemical evolution of both natural and anthropogenic ecosystems (Stevenson, 1994; Tipping, 2002; Chen et al., 2004; Trevisan et al., 2011; Berbara and García, 2014; Canellas and Olivares, 2014; Mora et al., 2014a Mora et al., , 2014b . In many studies, DOM fractionation is made by using the methodology proposed by the International Humic Substances Society. Fractions obtained are operationally named humic acid (HA), fulvic acid, humin, and nonhumic fraction, which includes more hydrophilic compounds (polycarboxylic acids, aminoacids, sugars, etc.; Swift, 1996) . Many studies have reported that HAs obtained from either organic materials (soils, soil sediments, composted wastes, etc.) or water reservoirs (rivers, lakes, etc.), extracted with alkaline water solutions, or isolated by resin fixation, reverse osmosis, or ultrafiltration (Alberts and Takács, 2004) Zandonadi et al., 2010; Canellas et al., 2011; Trevisan et al., 2011; Mora et al., 2012 Mora et al., , 2014a , ethylene, and abscisic acid (ABA) in roots (Mora et al., 2012 (Mora et al., , 2014a as well as cytokinins in shoots (Mora et al., 2010 (Mora et al., , 2014b . Recently, Mora et al., 2014a showed that the HA ability to enhance both shoot growth and ABA root concentration in cucumber was regulated by IAA and NO root signaling pathways. However, despite all of this information, the nature of a possible primary, common action on plant roots of HAs with diverse origin and structure remains elusive.
Recently, Asli and Neumann (2010) described a new mechanism by which high concentrations of HAs extracted from diverse organic sources decreased shoot plant growth. This mechanism involved the reduction of root hydraulic conductivity (Lp r ) resulting from the fouling of root cell wall pores because of the accumulation and aggregation of HA molecules at root surface. Although the concentration of HAs used by Asli and Neumann (2010) (1 g L 21 ) is much higher than that related to HA plant growth promotion ability (50-250 mg L 21 ; Rose et al., 2014) , the results do raise the hypothesis that the primary, still unknown event emerging from the interaction of humic substances with root surface cells might involve an unspecific, physical action on root permeability and water uptake. This event might trigger a chain of secondary events in the root that, in turn, would affect specific hormone signaling pathways, which may regulate shoot and root growth. This HA action on plant development would be positive (increasing) or negative (decreasing) depending on HAs concentration in the rhizosphere.
To explore the suitability of this hypothesis, we have tested the potential role of Lp r in the main mechanism by which HAs promote shoot growth in cucumber. To this end, we used a well-characterized and modeled sedimentary humic acid (SHA) at a concentration (100 mg of SHA organic carbon [C] L
21
) that was associated with plant shoot growth promotion in previous studies (Mora, 2009; Mora et al., 2014a Mora et al., , 2014b . We also investigated the functional relationships between these effects of SHA on Lp r and shoot growth as well as in some shoot waterrelated parameters (leaf stomatal conductance [G s ] and ABA) and those caused by SHA on IAA-NO and ABA root signaling pathways. Finally, taking into account that root plasma membrane aquaporins (plasma membrane intrinsic proteins [PIPs] ) are involved in the ABA regulation of Lp r in other plant systems, we also studied the role of PIPs in SHA effects on plant shoot growth.
The results obtained here show that SHA enhances shoot growth in cucumber through ABA-dependent increases in both Lp r and root PIPs (CsPIPs) gene upregulation.
RESULTS
The Growth-Promoting Action of SHA in Cucumber Is Associated with Significant Increases in Both Lp r and G s
To determine whether the SHA-mediated enhancement in shoot growth is associated with changes in Lp r , we studied the effect of the application of 100 mg of C SHA L 21 on both parameters in cucumber. In line with previous studies, cucumber plants treated with 100 mg of C SHA L 21 experienced a significant increase in the shoot relative growth rate (SRGR) with respect to nontreated control plants: 186 versus 133 mg g 21 d 21 , respectively (Table I ). This increase of SRGR caused by SHA was associated with a significant increase in Lp r (Fig. 1) .
In line with above-mentioned results, SHA caused a significant increase in G s after 4 and 24 h from the onset of the treatment (Fig. 2) . No significant differences in ABA concentration in leaves between SHA-treated plants and control plants were observed (Fig. 3) . Asli and Newmann (2010) reported that high concentrations of diverse SHAs and polyethyleneglycol (PEG; 1 g L 21 ) caused a decrease in Lp r and SRGR derived from fouling in root cell wall pores. To determine whether both the shoot growth-promoting effect and the increase in Lp r caused by 100 mg of C L 21 SHA are also shared by similar concentrations of PEG, we studied the effect of 100 mg of C PEG L 21 on both SRGR and Lp r values in cucumber plants. The results showed that 100 mg of C PEG L 21 caused a significant reduction in Lp r at 4, 24, and 72 h upon treatment (Fig. 4) . This fact was also associated with a significant decrease in SRGR compared with both SHA-treated and nontreated plants (Table II) . Yet, no differences between the osmotic potential of solutions containing either SHA or PEG were found (data not shown). The addition of 100 mg of C SHA L 21 to PEG-treated plants reversed the negative effect of PEG on both Lp r and SRGR at 24, 48, and 72 h upon treatments ( Fig. 4 ; Table II ). However, it is important to note that similar experiments but using 10% (w/w) PEG for plant treatments showed that the addition of 100 mg of C L 21 SHA was not able to reverse the negative action of 10% (w/w) PEG on SRGR (Supplemental Table S1 ). This fact was associated with a significant increase in leaf ABA concentration for both 10% (w/w) PEG and 10% (w/w) PEG plus 100 mg of C L 21 SHA (Supplemental Table S2 ). The above-mentioned effects of SHA in PEG-treated plants were consistent with SHA-induced changes in root ABA concentration. Whereas PEG-treated plants did not show any sustained change in root ABA concentration with respect to control plants (only a slight decrease at 24 h), a sustained increase in this parameter was observed for SHA-treated plants and plants treated with PEG + SHA (Fig. 5) . Nevertheless, although the increase in root ABA concentration observed in SHAtreated plants was expressed even by 4 h upon SHA addition, in PEG + SHA-treated plants, this effect needed more time to be expressed, being significant after 24, 48, and 72 h of treatment application (Fig. 5) . In any case, a good agreement between the changes in root ABA concentration and those related to both water root uptake (Lp r ) and SRGR was observed for all treatments ( Fig. 4 ; Table II ).
The Promoting Action of SHA on Both Lp r and Shoot Growth Is Expressed through ABA-Dependent Pathways
The ability of ABA in roots to enhance Lp r and hence, improve plant water status has been shown in some studies (Hose et al., 2000; Thompson et al., 2007; Tardieu et al., 2010) . To check whether the enhancement in both Lp r and shoot growth caused by SHA is functionally dependent on the observed SHA-mediated increase in ABA root concentration, the effect of an inhibitor of ABA biosynthesis (fluridone [Fld] ) on these actions of SHA was studied in cucumber plants.
Fld application caused a significant decrease in ABA root concentration in plants either treated or not treated with SHA (Fig. 6) . In non-SHA-treated plants, Fld also caused a significant and sustained reduction in Lp r (Fig. 7) . Likewise, the SHA-mediated increase in Lp r was removed when SHA was applied along with Fld (Fig. 7) .
In addition, the shoot growth-promoting action of SHA, which was reflected in a significant increase in SRGR (Table III) , disappeared for those plants treated with SHA along with Fld.
SHA Application Increased the Expression of Root PIPs Genes through ABA-Dependent and -Independent Pathways
A number of studies have reported that the regulation of Lp r by ABA is functionally related to the increase in the expression of the genes encoding several root PIPs named aquaporins (Quintero et al., 1999; Beaudette et al., 2007; Vandeleur et al., 2014) . To investigate if the ABA-mediated increase in Lp r caused by SHA is also linked to a concomitant increase in the expression of genes encoding PIPs in cucumber (CsPIPs), the effect of SHA on CsPIPs gene expression was measured with and without the presence of Fld. Those CsPIPs that presented larger gene expression (expressed as a percentage of the sum of the gene expression values of all CsPIPs studied) in cucumber were selected for the study: CsPIP1;2, 21.7%; CsPIP2;1, 6.1%; CsPIP2;4, 59.4%; and CsPIP2;5, 6.5% (Qian et al., 2015) . The results showed that SHA treatment caused a significant up-regulation of all CsPIPs studied genes but to varying degrees depending on CsPIPs. Thus, SHA caused a significant increase in the gene expression of CsPIP1;2, CsPIP2;4, and CsPIP2;5 at 24, 48, and 72 h ( Fig.  8) , whereas the gene expression of CsPIP2;1 increased only after 4 h upon SHA application (Fig. 8) . It is noticeable the low level of gene expression of CsPIP2;1 in both control and SHA-treated plants.
Experiments, including Fld treatment in plants either treated or nontreated with SHAs, showed that Fld per se significantly increased CsPIPs expression, with the time course of this effect being dependent on the CsPIP type (Fig. 8) .
However, plants treated with both SHA and Fld presented CsPIPs gene expression patterns very similar to those of plants treated with only Fld, except for CsPIP1;2 after 48 h and CsPIP2;5 after 72 h, which presented expressions that were significantly higher than the other treatments: control and SHA-and Fldtreated plants (Fig. 8 ).
Treatments Did Not Affect Water Distribution in Leaves
Water distribution in plants can change under different external stimuli, particularly when these stimuli can modify plant water homeostasis (Castro-Camus et al., 2013) . Regarding a possible effect of SHA on water local distribution in leaves ( Fig. 9) , the results showed that, as in the case of control nontreated plants, water tended to accumulate in nervations, forming concentric lines around leaf basis. Hence, the water distribution in leaves was not affected by SHA.
DISCUSSION
Current knowledge about the mechanism involved in the plant shoot-promoting action of DOM (and humic substances present in DOM) is rather fragmentary and poorly integrated into a consistent explicative model (Nardi et al., 2009; Trevisan et al., 2011; Berbara and García, 2014; Canellas and Olivares, 2014; Mora et al., 2014b) . Indeed, the fact that HAs with diverse origins and structural features affect plant growth and development through common signaling pathways remains unexplained. Recently, Asli and Neumann (2010) explained the negative effect on plant shoot growth of high concentrations of different types of HAs as a result of a reduction in Lp r caused by fouling of root cell wall pores. Based on these findings, this study investigates whether the growth-promoting action of HAs might also be linked to the interaction of HAs with cell walls at the root surface. This type of physical action, rather unspecific, might explain why HAs with diverse structural features share common mechanisms to enhance plant growth. Thus, the character of the effect of HAs on plant growth, enhancement, or inhibition would be modulated by the HAs concentration in the rhizosphere. To this goal, we studied the effect of a well-characterized and modeled SHA on root water transport-related parameters but used a concentration in the nutrient solution able to promote shoot growth (100 mg of organic C L 21 ) in cucumber plants. In line with the study carried out by Asli and Neumann (2010) ) improved shoot and root growth in several plant species (Mora, 2009) . In this study, a lower concentration of SHA (100 mg of C L 21 ) caused a significant increase in plant shoot growth that was reflected in SRGR values (Table I ). This result was in line with previous results obtained using the same concentration of SHAs in cucumber and rapeseed (Mora et al., 2010; Jannin et al., 2012) . Furthermore, this study also showed that the beneficial effect of SHA on shoot growth was accompanied by significant increases in both Lp r and G s (Figs. 1 and 2) , although increases in G s were only observed after 4 and 24 h of SHA treatment and not for all harvests times, such as in the case of Lp r . In this framework, the further evaluation of some complementary parameters, like leaf hydraulic conductance, might be of great interest to better understand the whole mechanism behind the promotion of shoot growth caused by SHA. In any case, these results taken together with those from Asli and Neumann (2010) strongly suggest that the positive and negative effects on shoot growth resulting from SHA application involve an alteration of Lp r and hence, root water transport. The SHA action on shoot growth would be beneficial (increase) or detrimental (decrease) depending of SHA concentration (higher or lower than a specific threshold) in the rhizosphere.
Regarding the potential mechanism responsible for these differential effects of SHA on Lp r depending on SHA concentration level, Asli and Neumann (2010) related the shoot growth inhibition caused by high HA concentration (1 g L 21 ) to a primary action of HAs on root surface to some type of fouling cell wall pores at root surface, which in turn, caused decreases in Lp r and plant shoot growth. Considering that fouling is directly related to molecular size and molecular conformation in solution (compact, linear, flexible, etc.) , it is possible that the different effect of SHA is linked to some kind of effect of SHA concentration in solution (1 g L 21 versus 0.1 g L 21 ) on its molecular conformation and/or size. However, only SHA is affected in this way by concentration changes, because PEG used at the same concentration as that of SHA (100 mg of C L
21
) caused a sustained reduction of both Lp r and shoot growth ( Fig.  4; Table II) , which was the case of higher PEG concentrations (Asli and Neumann, 2010) . Numerous studies indicated that, although intensity of fouling is affected by molecular concentration, its presence is only affected by molecular size (Hong and Elimelech 1997; Seidel and Elimelech, 2002; Neumann et al., 2010) . In consequence, the different results obtained when using low concentrations of PEG (detrimental) or SHA (beneficial) on shoot growth might be related to some specific molecular feature of PEG and SHA. In this sense, although PEG is a linear, uncharged polymer without tendency to aggregate in solution, SHA is a complex biomolecular system involving molecular aggregates and supramolecular conformations (Wershaw, 1999; Piccolo, 2002; Baigorri et al., 2007) . Thus, whereas a reduction in concentration in solution does not affect PEG size, it might change SHA molecular aggregation and hence, SHA molecular size. This different molecular behavior for PEG and SHA under conditions of high or low concentration in solution might explain why the decrease in concentration caused a disappearance in the fouling associated with SHA, whereas that linked to PEG remained. However, specific studies are needed to analyze the SHA molecular size changes resulting from SHA root surface (proton extrusion, root exudates, etc.) interaction as well as their potential role in the mechanism of action of SHA on plant growth. Interestingly, the application of 100 mg of C SHA L 21 to PEG-treated plants (100 mg of C L
) reverted the negative action of PEG on shoot growth with levels similar to those of SHA-treated plants (Table II) . In line with previous discussion, this fact might derive from the interaction of SHA to cell pores that are not affected by the PEG, because the PEG concentration in solution in this experiment (0.02% [w/w]) is much lower than that normally used to generate a strong osmotic stress (6%-10%; O'Donnell et al., 2013) . This assessment is supported by the fact that, when cucumber plants were treated with 10% (w/w) PEG, the application of SHA (100 mg of C SHA L
) was not able to reverse the osmotic stress or shoot growth reduction caused by PEG. This fact was reflected in the increase of ABA leaf concentrations for both treatments: 10% (w/w) PEG and 10% (w/w) PEG plus 100 mg of C SHA L 21 (Supplemental Table S3 ). Furthermore, this result also shows that proper Lp r function is essential for the SHA-mediated increase of shoot growth.
Regarding the mechanisms involved in the positive effect of 100 mg of C L 21 SHA on root water transportrelated parameters, the results suggest that the increase of ABA root concentration caused by SHA might play a relevant role (Fig. 6) . Numerous studies have shown the relevant role of root ABA in regulating Lp r (Hose et al., 2000; Thompson et al., 2007; Tardieu et al., 2010; Sánchez-Romera et al., 2014) and the expression of genes encoding some families of PIP proteins as well (Beaudette et al., 2007; Mahdieh and Mostajeran, 2009) . Assuming the limitations linked to all pharmacological approaches because of the possibility of side effects of inhibitors and precursors on unwanted biochemical pathways ("Materials and Methods"), our experiments indicated that the SHA-mediated increase in Lp r is ABA dependent, because the application of Fld, a specific inhibitor of ABA biosynthesis in root and shoot, abolished SHA action on Lp r . Interestingly, our experiments also showed that the application of Fld on SHA-treated plants removed not only the SHA-mediated Lp r increase but also, the shoot growth-promoting action of SHA. In principle, in line with the results obtained in experiments using 10% (w/w) PEG, this finding indicates that the stimulation of Lp r is functionally involved in the enhancing effect of SHA on shoot growth, at least in cucumber. In fact, the SHA-mediated increase in both Lp r and shoot growth rate was correlated to an increase in G s , which indicates higher metabolic activity in SHAtreated plants than in non-SHA-treated plants. Furthermore, considering previous results showing that both the shoot-promoting action of SHA and the SHA-mediated increase in ABA root concentration in cucumber were NO and IAA dependent (Mora et al., 2014a) , the results obtained in this study indicate that both NO and IAA regulate SHA effect on shoot growth in cucumber through ABA.
Several studies have shown that root ABA regulates Lp r through pathways involving root PIPs activity (Quintero et al., 1999; Beaudette et al., 2007; Vandeleur et al., 2014) . It is therefore possible that the ABA-mediated effect of SHA on Lp r is expressed through the regulation of some CsPIPs in roots. Our results showed that SHA application caused a significant up-regulation of the four CsPIPs studied, with the time course pattern of this action being different for each CsPIP (Fig. 8) . However, the effect of Fld on SHAmediated CsPIPs up-regulation was unclear. Fld application in control plants caused a significant up-regulation of CsPIPs. This fact indicates that other ABA-independent regulatory pathways are probably activated in the root to prevent the evolvement of a potential water deficit stress resulting from a loss of the functional action of ABA. When SHA and Fld were applied together, two different effects were observed depending on the CsPIP studied: an additive up-regulation for CsPIP1;2 and CsPIP2;5 and an effect similar to that of Fld alone for CsPIP2;1 and CsPIP2;4. In the first case, the additive action of Fld and SHA is compatible with an effect of SHA on CsPIP1;2 and CsPIP2;5 gene expression through an ABA-independent pathway, whereas in the second one, the similar action of Fld and SHA + Fld is compatible with the effect of SHA on CsPIP2;1 and CsPIP2;4 gene expression through an ABAdependent pathway. Taking into account that this second case includes the most relevant CsPIP gene expression level in cucumber roots (the gene expression of CsPIP2;4 represents 59.4% of the total sum of CsPIPs gene expression in cucumber roots; Qian et al., 2015) , it is possible that the main ABA-mediated action of SHA on Lp r and water root uptake involves the up-regulation of PIPs gene expression and activity.
In conclusion, there are two results obtained.
(1) The ability of SHA (a model SHA) to promote shoot growth in cucumber upon root application is mediated by an ABA-dependent enhancement of Lp r , water root uptake, and root PIP gene expression. (2) The effects caused by a root-applied SHA on shoot growth are probably integrated into a primary physicochemical interaction of SHA molecular complex with pores in cell walls at root surface, which have consequences on shoot growth (beneficial or detrimental) that would depend of SHA concentration in the rhizosphere (Fig. 10) .
Interestingly, several studies suggested that effects like those of SHA in the roots, involving changes in Lp r regulated by ABA root concentration, may result from some kind of transient stress, which in turn, may have beneficial effects on plant growth and subsequent resistance to further abiotic stresses (Wilkinson and Davies, 2002) . This framework is quite consistent with a mechanism of action for SHA on plant growth associated with the evolvement of a stress resulting from the interaction of SHA with cell walls at root surface. The intensity or degree of stress caused by SHA would depend on SHA concentration in the rhizosphere: low SHA concentrations would cause a mild stress, leading to beneficial effects on plant development, whereas high SHA concentrations would cause strong stress associated with detrimental effects on plant development. Indeed, this hypothesis is in line with that proposed by Berbara and García (2014) to explain their results showing an increase in root reactive oxygen species production caused by the application in rice (Oryza sativa) of an HA obtained from vermicompost of vegetal residues. This action was in turn associated with the protection of rice plants against abiotic stresses (Berbara and García, 2014) . However, further studies are needed to elucidate the functional links between ABAmediated effects of SHA on shoot growth and root water transport-related parameters and HAs-mediated reactive oxygen species production in roots.
Finally, it becomes clear that the beneficial action of the foliar application of HAs on plant growth reported by many studies (Chen et al., 2004; Canellas and Olivares, 2014; Rose et al., 2014) is likely expressed through molecular mechanisms and signaling pathways that might be partially (or totally) different from those described to explain the effects of HAs applied to the rhizosphere. Nevertheless, it is also clear that the action of HAs present on the rhizosphere on plant growth has an evident natural ecological meaning that, related to HA foliar application, is restricted to agricultural practices.
MATERIALS AND METHODS
Extraction, Purification, and Modeling of a Leonardite HA (SHA)
The HA sample was obtained from leonardite (Danube basin). A specific amount of HA (100 g) was extracted and purified using the International Humic Substances Society methodology (http://www. humicsubstances.org/soilhafa.html) as described in Aguirre et al., 2009 . The concentration of the main phytoregulators in SHA composition was assessed using HPLC-mass spectrometry (MS) as described in Aguirre et al. (2009) . Finally, SHA was characterized using 13 C NMR dynamic light scattering and elemental analysis as described in Mora et al. (2012) (Supplemental Figs. S1 and S2; Supplemental Table S3 ).
Plant Material and Culture Conditions
Seeds of cucumber (Cucumis sativus 'Ashley') were germinated in water with 1 mM CaSO4 in darkness on perlite and moistened filter paper in a seed germination chamber. One week after germination, plants were transferred to 8-L receptacles in hydroponic solution. The nutrient solution used was 0.63 mM K 2 SO 4 , 0.5 mM KH 2 PO 4 , 0.5 mM CaSO 4 , 0.30 mM MgSO 4 , 0.25 mM KNO 3 , 0.05 mM KCl, 0.87 mM Mg(NO 3 ) 2 , 40 mM H 3 BO 3 , 4 mM MnSO 4 , 2 mM CuSO 4 , 4 mM ZnSO 4 , and 1.4 mM Na 2 MoO 4 . The nutrient solution contained 40 mM iron as Feethylenediamine-N,N9-bis(2-hydroxyphenylacetic acid) chelate (80% [w/w] ortho-ortho-isomer). No precipitation of Fe inorganic species was observed throughout the experiment. The pH of the nutrient solutions was held at 6.0 and did not change significantly during the experiment. All experiments were performed in a growth chamber at a 25°C/21°C day-night cycle, 70% to 75% relative humidity, and 15-h/9-h day-night photoperiod (irradiance of 250 mmol m 22 s
21
). At these conditions, three different experiments were undertaken.
(1) General effects of SHA on water balance. After 10 d of growth in hydroponics, SHA treatment (100 mg L 21 organic C) was applied to plants. Physiological measurements were SRGR, G s , ABA concentration in leaves, and Lp r .
(2) Effect of SHA action on SRGR and Lp r in the presence of PEG. After growing plants in the conditions described above during 10 d, the following treatments were applied: control with nutrient solution but without any treatment, SHA treatment (100 mg L 21 organic C), PEG treatment with 100 mg L 21 PEG organic C, 0.03% PEG in weight, 10% (w/w) PEG treatment, and treatments combining PEG (0.03% or 10% [w/w]) and SHA (100 mg L 21 organic C; PEG + SHA). PEG reagent was purchased from Sigma-Aldrich, and the quantity needed for each treatment was dissolved into the nutrient solution. PEG type was based on both the size of root cell wall pores in cucumber and its similarity to SHA apparent size.
(3) Involvement of ABA in roots in the SHA action on SRGR and Lp r . A wellknown ABA biosynthesis inhibitor, Fld, was used to perform this experiment (Chae et al., 2004) . After growing plants in the conditions described above during 10 d, the following treatments were applied: control with nutrient solution but without any treatment, SHA treatment (100 mg L 21 organic C),
Fld treatment (10 mM Fld), and a treatment combining Fld (10 mM) and SHA (100 mg L 21 organic C; Fld + SHA). The concentration of Fld was based on experiments reported by Sánchez-Romera et al. (2014) , and dose-response experiments were carried out before conducting final experiments. We analyzed shoot growth, Lp r , ABA concentration in roots, and PIP gene expression in roots. All treatments involved a minimum of five replications. Harvests were conducted at the same time of the day 6 h after the start of the light period to exclude diurnal variations. Plants were harvested at 4, 24, 48, and 72 h after the application of treatments. One part of the plant material was weighed and dried (60°C) for SRGR determination, and another part was frozen in liquid nitrogen and stored at 280°C for further analysis.
Measurement of Lp r in the Absence of Hydrostatic Pressure Gradients (Free Exudation Method; Lp r )
For root exudates collection, water flow movements from the root into the plant body occur thanks to the pressure gradients. Without transpiration forces (hydrostatic pressure gradients), the pressure gradients (in this case, osmotic gradients) generate flows across semipermeable membranes (what is called cell to cell pathways). This water flow or exudates can be collected by cutting stems and leaving water to flow freely (Gibbs et al., 1998a (Gibbs et al., , 1998b . The interest of using this methodology is that the regulation of cell to cell water transport involves the activity of PIPs (Maurel et al., 2008) , which was also evaluated in our experiments. Previous studies showed the good concordance between Lp r measured by the free exudation method and that measured by the pressure chamber method (Sánchez-Romera et al., 2014) . Plant shoots were excised in their growing hydroponic medium. Stems were first cut from just below the first leave. Then, the top part of the stem was introduced into a silicone tube and sealed with a self-sealing film to avoid any loss of sap.
Root exudate was finally collected with a glass Pasteur pipette. Collections were done continuously during the first 90 min of exudation at 4, 24, 48, and 72 h of treatment and kept in a previously weighed 1.5-mL tube.
For measurement of the osmotic pressure of exuded sap, the osmolality of root exudates was measured using a freezing point depression osmometer (Osmomat 010 Gonotec). Osmolality (mOsmol) was converted to osmotic pressure (MPa) according to a described procedure (Bigot and Boucaud, 1998): MPa ¼ mOsmol 3 0:831 3 10 2 5 3 TðKÞ
In the absence of hydrostatic pressure gradients, water uptake by the root is governed by the differences in osmotic pressure between the medium and the sap (Miyamoto et al., 2001) . The equation to calculate Lp r is described as Jv ¼ Lp r 3 s sr 3 Dp
The coefficient s sr denotes the reflection coefficient of solutes in the roots, which was reported to be 0.853 by previous studies (Miller, 1985) . Thus, we could measure Lp r by measuring water flow (Jv) and pressure differences (Dp). Osmotic potential of solutions containing either SHA or PEG was also evaluated.
Water Distribution in Leaves Evaluated Using Active Terahertz Imaging-System Analysis
The Terahertz (THz) Imaging-System Analysis has been used in medical applications (Pickwell-MacPherson and Wallace, 2009; Smith and Arnold, 2011) and more recently, water content determination in leaves (Castro-Camus et al., 2013; Born et al., 2014; Gente and Koch, 2015) . Water has a typical resonance that can be measured when it is applied at a frequency between 0.14 and 0.22 THz. Thus, water content may be directly measured by this range frequency analysis (Santesteban et al., 2015) . The imaging setup system used is based on an E3861C VNA Agilent Network Analyzer. To work in the THz range, two OML Vector Network Analyzer Extenders, working in the frequency range from 0.14 to 0.22 THz, have been connected to the analyzer. A pair of planeconvex lenses were included to increase resolution (Santesteban et al., 2015) . A three-dimensional (3D) scanning system has been used for mapping the leaves. The 3D scanning system is moved in the xz plane for a fixed y position to map the whole leaf. Each measurement point is corresponded with a pixel in the final THz image and presents information about the attenuation through the leaf because of water content. The movement of the 3D scan and the data acquisition are governed by an in-house LabView interface program. The system dynamic range is higher than 60 dB for all of the bandwidth.
Analysis of the Concentration of ABA in Plant Tissues
The concentration of ABA in roots and leaves was analyzed using HPLC-MS-MS as described below.
The extraction and purification of ABA were carried out using the previously described methods (Dobrev and Kamínek, 2002; Aguirre et al., 2009 ).
For liquid chromatography-MS quantification of ABA, an HPLC linked to a 3200 Q TRAP LC/MS/MS System (Applied Biosystems/MDS Sciex) and equipped with an electrospray interface using a reverse-phase column (Synergi 4-mm Hydro-RP 80A; 150 3 2 mm; Phenomenex) was used. A linear gradient of methanol and 0.5% (v/v) acetic acid in water was used: time, 1 min (35% [v/v] , the injection volume was 50 mL, and the column and sample temperatures were 30°C and 20°C, respectively.
Detection and quantification were performed by multiple reaction monitoring in the negative ion mode using a multilevel calibration graph with deuterated hormones as internal standards. The source parameters are curtain gas, 25.0 psi; Gas 1 (GS1), 50.0 psi; Gas 2 (GS2), 60.0 psi; ion spray voltage, 24,000 V; and collision activated dissociation gas (CAD gas), medium; and temperature, 600°C.
Reverse Transcription-PCR Analysis of RNA Transcript
The roots of the plants were collected and disrupted with liquid nitrogen before RNA extraction. Total RNA was extracted between 50 and 90 mg of crushed root using a mix of 350 mL of guanidinium-thocyanate lysis buffer and 3.5 mL of b-mercaptoethanol from the NucleoSpin RNA Plant Kit (MachereyNagel). Then, treatment of RNA with DNase was performed according to the manufacturer's recommendations. After washing the extracted RNA with dry silica membranes provided by the kit, RNA purity and concentration were quantified by the fluorescence-based Experion RNA STdSens Analysis Kit. Complementary strand of DNA (first strand synthesis) was carried out in 20-mL reactions containing 1 mg of RNA with RNase Human Moloney murine, leukemia virus reverse transcriptase iScript and a mix of oligo(dT) and random hexamer primers from the iScript cDNA Synthesis Kit (Bio-Rad Laboratories). The reverse transcription was made up for 5 min at 25°C and 30 min at 42°C and ended by 5 min at 85°C. Reverse transcription PCR was performed using iQ SYBR Green Supermix containing Hot-Start iTaq DNA Polymerase in an iCycler iQ (Bio-Rad Laboratories). Primer pairs used to amplify cucumber PIP were taken from previously published work (Qian et al., 2015) and synthesized by Sigma-Genosys. Standarization was carried out based on the expression of the cucumber cyclophilin gene in each sample using corresponding specific primers (accession no. AY942800).
The reverse transcription-PCR program consist of an iTaq DNA polymerase activation at 95°C for 3 min followed by 40 amplification cycles (denaturing step for 10 s at 95°C, an annealing step for 10 s at 62°C, and an elongation step for 10 s at 72°C, during which the fluorescence data were collected). To confirm PCR products, a melting curve was performed by heating the samples from 55.8°C to 65°C in 0.2°C increments, with a dwell time at each temperature of 10 s, during which the fluorescence data were collected. The melting temperature (95.0°C) curve of the products was determined with the iCycler iQ Optical System 3.1 Software (Bio-Rad Laboratories). Data analysis of the relative abundance of the transcripts was done using CFX Manager Software Data Analysis (Bio-Rad Laboratories). Expression analyses were carried out in five independent root RNA samples and repeated three times for each RNA sample. The cycle threshold values for cyclophilin reference gene ranged from among 18.65 to 20.10 for all treatments at all harvest times.
